Two of the most agriculturally important cereal crop plants are wheat (Triticum aestivum) and rice (Oryza sativa). Rice has been shown to produce a number of diterpenoid natural products as phytoalexins and/or allelochemicals -specifically, labdane-related diterpenoids, whose biosynthesis proceeds via formation of an eponymous labdadienyl/copalyl diphosphate (CPP) intermediate (e.g., the ent-CPP of gibberellin phytohormone biosynthesis). Similar to rice, wheat encodes a number of CPP synthases (CPS), and the three CPS characterized to date (TaCPS1,2,&3) all have been suggested to produce ent-CPP. However, several of the downstream diterpene synthases will only react with CPP intermediate of normal or syn, but not ent, stereochemistry, as described in the accompanying report. Investigation of additional CPS did not resolve this issue, as the only other functional synthase (TaCPS4) also produced ent-CPP. Chiral product characterization of all the TaCPS then revealed that TaCPS2 uniquely produces normal, rather than ent-, CPP; thus, providing a suitable substrate source for the downstream diterpene synthases. Notably, TaCPS2 is most homologous to the similarly stereochemically differentiated syn-CPP synthase from rice (OsCPS4), while the non-inducible TaCPS3 and TaCPS4 cluster with the rice OsCPS1 required for gibberellin phytohormone biosynthesis, as well as with a barley (Hordeum vulgare) CPS (HvCPS1) that also is characterized here as similarly producing ent-CPP.
Introduction
Wheat and rice provide the bulk of the direct caloric intake for the global human population (Dyson, 1996) . Accordingly, their ability to resist diseases is of considerable interest. Notably, a broadly conserved aspect of the plant defense response is the production of phytoalexins, natural products whose biosynthesis is induced by pathogen infection, and which exhibit antibiotic activity against the responsible microbe (VanEtten et al., 1994) . Rice has served a model system for the cereal crop plant family, with exhaustive sequence information available (Kikuchi et al., 2003; IRGSP, 2005) , which has led to extensive studies of various aspects of its metabolism, including that of phytoalexins. Of particular importance in rice seems to be an array of labdane-related diterpenoids, with over twenty such natural products from rice meeting the definition of phytoalexins, with some also suggested to serve as allelochemicals (Peters, 2006) .
The labdane-related diterpenoids represent a large super-family of natural products, with 7,000 known, that share a characteristic decalin ring structure in common (Peters, 2010) . This core structure is formed by bicyclization of the general diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate (GGPP), in protonation-initiated reactions catalyzed by class II diterpene cyclases (Fig. 1 ). These generally produce one of the three common stereoisomers of CPP, syn-, ent-, or normal, with the corresponding enzymes then termed CPP synthases (CPSs). This intermediate is then generally further cyclized and/or rearranged to diterpene olefins by CPP specific class I diterpene synthases, which are often termed ent-kaurene synthase-like (KSL) for the presumably ancestral enzyme, at least in plants, where entkaurene synthases (KSs) are required for gibberellin phytohormone biosynthesis.
Of particular interest here, the committed step in labdane-related diterpenoid biosynthesis is then catalyzed by CPSs, which appear to be regulated by synergistic inhibitory effects exerted by GGPP and magnesium (Mg 2+ ). Those class II diterpene cyclases involved in gibberellin biosynthesis are so inhibited, whereas those dedicated to secondary/more specialized metabolism are relatively immune to such inhibition (Prisic and Peters, 2007) . Notably, this differential susceptibility has been attributed to the exact identity of a particular residue, histidine versus arginine, as found in gibberellin associated CPSs relative to more specialized enzymes (Mann et al., 2010) . However, while this single residue regulatory switch was originally hypothesized to play a direct role in catalysis, this has not been born out by the recently determined crystal structure of the gibberellin associated CPS from the dicot Arabidopsis thaliana [i.e., AtCPS (Köksal et al., 2011) ], leaving the underlying mechanism opaque. Consistent with the observed complexity of labdane-related diterpenoid metabolism in rice, its genome contains three functional CPS (OsCPS), all of which have been characterized (Peters, 2006; Toyomasu, 2008) . OsCPS1 is required for GA biosynthesis (Sakamoto et al., 2004) , produces the relevant ent-CPP, and does not exhibit inducible transcription (Otomo et al., 2004; Prisic et al., 2004) . On the other hand, the transcription of OsCPS2 and OsCPS4 (OsCPS3 being a pseudogene) is induced by elicitation with chitin or methyl jasmonate, or by UV-irradiation, with OsCPS2 producing ent-CPP and OsCPS4 producing syn-CPP, and these presumably are involved in more specialized metabolism Prisic et al., 2004; Xu et al., 2004) .
Molecular phylogenetic analysis based on characterization of maize (Zea mays) as well as rice CPS , suggested that CPS gene expansion and functional diversification to more specialized metabolism occurred early in the cereal crop plant family -i.e., the Poaceae (Peters, 2006) . Consistent with this hypothesis, gene probing/mapping experiments with a CPS from barley (Hordeum vulgare) indicated that at least barley and wheat also contain an expanded CPS gene family (Spielmeyer et al., 2004) . In a preliminary report, it was demonstrated that wheat contains at least three CPS (TaCPS1-3), with TaCPS1 and TaCPS2 exhibiting inducible transcription consistent with a role in more specialized metabolism. All three were suggested to produce ent-CPP, although the possibility that they might produce the enantiomeric normal CPP was acknowledged as well (Toyomasu et al., 2009) . As described in the accompanying report on the wheat KSL (TaKSL), some of these downstream enzymes only react with syn-or normal (i.e., not ent-), CPP (Zhou et al., submitted) . These results prompted us to look for syn-or normal CPP producing CPS in wheat. Here we report that the only other functional CPS we were able to clone from wheat (TaCPS4), also produced ent-or normal (but not syn-) CPP, as does a previously cloned barley CPS [i.e., HvCPS1 (Spielmeyer et al., 2004) ]. Accordingly, wheat does not appear to encode a syn-CPP synthase. We then more specifically analyzed the stereochemistry of the resulting CPP for all the TaCPS, as well as HvCPS1, and found that TaCPS2 uniquely produces normal, rather than ent-, CPP. The implications of these findings for the evolution of diterpenoid metabolism in the cereal crop family, as well as more generally, are discussed.
Results

Identification of copalyl diphosphate synthase genes from wheat and barley
Isolation of HvCPS1 has been previously reported (Spielmeyer et al., 2004) , as has that of TaCPS1-3 (Toyomasu et al., 2009) . Given the exclusive use of syn-or normal CPP by some of the downstream TaKSL, as reported in the accompanying study (Zhou et al., submitted) , along with the previously reported suggestion that TaCPS1-3 all produced ent-CPP (Toyomasu et al., 2009 ), we sought additional wheat CPS(s). Further cloning efforts yielded two additional CPS gene fragments, albeit these were closely related to TaCPS2 and 3, raising the possibility that they were polyploidy derived homoeologs. Nevertheless, we extended these via RACE to cover sufficient amounts of the corresponding open reading frames for biochemical analysis, and have designated them TaCPS4 and 5 (GenBank accessions AB525387 and AB525388, respectively). These do not appear to be homoeologs of TaCPS2 and 3, as both share less than 90% nucleotide sequence identity with any other TaCPS. Since mRNA levels of TaCPS1 and 2 are increased in response to UV-irradiation (Toyomasu et al., 2009) , such elicitation of TaCPS4 and 5 was investigated, but found not to occur (data not shown).
Functional characterization of TaCPS4-5 and HvCPS1
HvCPS1 and TaCPS4 & 5 were functionally characterized via use of a previously developed metabolic engineering system (Cyr et al., 2007) -specifically, by using a vector carrying a GGPP synthase into which a CPS also can be easily incorporated for functional analysis, as previously described (Morrone et al., 2009 ). Extraction of the resulting recombinant cultures yields copalol released by dephosphorylation of the heterologously produced CPP by endogenous phosphatases. Analysis by gas chromatography with mass spectrometric detection (GC-MS) demonstrated the production of copalol by cultures expressing HvCPS1 and TaCPS4, indicating that these, but not TaCPS5, are functional CPP synthases. Comparison to authentic standards further indicated that HvCPS1 and TaCPS4 produced CPP of ent-or normal stereochemistry (Fig. 2) .
Stereochemical analysis of TaCPS1-4 and HvCPS product outcome
Given the stereospecificity of several TaKSL for syn-or normal, but not ent-, CPP (Zhou et al., submitted) , and the notable lack of production of syn-CPP by any of the functional TaCPS, we further investigated the stereochemical outcome mediated by all the TaCPS, as well as HvCPS1. This was accomplished by coupling these to stereospecific KSL, using the metabolic engineering system, much as previously described (Morrone et al., 2009 ). In particular, each of these CPS were co-expressed with not only a GGPP synthase, but also either the ent-CPP specific kaurene synthase from Arabidopsis thaliana (AtKS), or the normal CPP specific abietadiene synthase from Abies grandis [i.e., the AgAS:D404A mutant that retains only KSL/class I activity (Peters et al., 2001) ]. GC-MS analysis of extracts from the resulting recombinant cultures demonstrated that TaCPS1, 3, 4 and HvCPS1 produce ent-CPP, as coexpression of these with AtKS results in production of entkaurene (Figure 3a-e) , while abietadienes are not observed upon co-expression with AgAS:D404A (data not shown). By contrast, TaCPS2 produces normal CPP, as coexpression of this with AgAS:D404A results in production of abietadienes (Figure 3f&g ), while ent-kaurene is not observed upon co-expression with AtKS (data not shown).
Molecular phylogenetic analysis of cereal CPS
While molecular phylogenetic analysis of TaCPS1-3 was previously described (Toyomasu et al., 2009 ), we repeated this here to include TaCPS4 and HvCPS1, as well as a wider range of characterized CPSs (Figure 4 ). In particular, we aligned the full-length amino acid sequences of not only the TaCPS and HvCPS1 characterized here, but also CPSs from rice and the more distantly related cereal Zea mays [i.e., ZmCPS1-4 from the maize genome . In addition, a number of CPS from dicots also were included to provide a designated outgroup for the resulting phylogenetic tree.
Discussion
It has been recently demonstrated that maize produces labdane-related diterpenoids as phytoalexins (Schmelz et al., 2011) , much as has been found with rice (Peters, 2006; Toyomasu, 2008) . This suggests that such more specialized metabolism may have arisen early in evolution of the Poaceae (i.e., cereal plant family). Consistent with this hypothesis, not only maize and rice, but also barley and wheat, contain expanded CPS and KS(L) gene families encoding the sequentially acting diterpene synthases that are the distinguishing feature of labdane-related diterpenoid biosynthesis. Although no such phytoalexins have yet been identified from wheat, the UV-inducible transcription of TaCPS1 and TaCPS2 suggests that these potentially play a role in phytoalexin biosynthesis. In addition, the demonstration that TaCPS2 produces normal CPP provides direct evidence that wheat can produce labdane-related diterpenoids other than gibberellins. The presence of such biosynthetic capacity is further supported and clarified by the characterization of TaKSLs that similarly do not produce the ent-kaurene intermediate of gibberellin biosynthesis, but alternative tricyclic (pimaradiene) diterpene olefins instead, as described in the accompanying report (Zhou et al., submitted) .
Phylogenetic analysis of the characterized CPSs from angiosperms indicates early expansion and functional diversification of those from monocots/cereals (Fig. 4A) . These CPSs fall into two distinct clusters, one of which is associated with gibberellin biosynthesis in both maize and rice [i.e., An1/ZmCPS1 and OsCPS1 Sakamoto et al., 2004) ]. The grouping of TaCPS3 & 4, as well as HvCPS1, with ZmCPS1 and OsCPS1 suggests that these may similarly play a role in such phytohormone metabolism. However, given the greater evolutionary distance between maize and rice relative to that within the small grain cereal family (i.e., rice, wheat and barley), it is somewhat puzzling that ZmCPS1 and OsCPS1 group separately from these other small grain CPS. This may, in fact, argue against a role for HvCPS1 and TaCPS3 & 4 in gibberellin metabolism. Indeed, while An2/ ZmCPS2 falls into the gibberellin associated cluster, it exhibits inducible transcription and presumably functions in maize phytoalexin biosynthesis, while transcription of ZmCPS3 (previously termed Cpsl1), which falls into the other phylogenetic cluster, is not elicited by fungal infection . This suggests that the use of labdane-realted diterpenoids as phytoalexins may have independently evolved in maize relative to the small grain cereals. In addition, it should be noted that the single residue regulatory switch position in HvCPS1 encodes the arginine associated with CPS devoted to more specialized metabolism rather than the histidine otherwise found in those operating in gibberellin biosynthesis, although both TaCPS3 & 4 do contain a histidine at this position (Fig. 4B) . Intriguingly, TaCPS2 contains a glutamine at this position, which presumably is functionally analogous to arginine, conferring resistance to inhibition by the Mg 2+ co-factor, as the sterochemical differentiation of its product precludes a role in gibberellin biosynthesis.
The CPSs from the other phylogenetic cluster are presumably involved in more specialized metabolism, based in part on the production of stereochemically differentiated CPP and, at least in the case of the rice and wheat paralogs (i.e., OsCPS2 & 4 and TaCPS1 & 2), UVinducible transcription Prisic et al., 2004; Toyomasu et al., 2009; Xu et al., 2004) . Given the production of normal CPP by TaCPS2 shown here, it is notable that TaCPS2 is most closely related to the similarly stereochemically distinguishable syn-CPP producing OsCPS4. This suggests that such stereochemical differentiation in product outcome might underlie the observation that both wheat and rice contain two CPS associated with more specialized metabolism relative to gibberellin biosynthesis, for which there seems to be additional CPS(s) in each plant species. Moreover, while these pairs of CPS exhibit similarly inducible transcription, one produces ent-CPP (OsCPS2 and TaCPS1) while the other produces a different stereoisomer (OsCPS4 and TaCPS2). Further, the observed phylogenetic groupings suggest that this differentiation of biochemical function (i.e., product stereochemistry) occurred prior to the split between the wheat and rice lineages. Although comparison with the similarly stereochemically differentiated DsCPS, which produces normal CPP (Gao et al., 2009) , indicates that such biochemical diversity arose separately in at least the monocots and dicots.
Conclusion
The results presented here demonstrate that wheat contains an expanded and functionally diverse family of CPS. While the relevant biological activities of the derived labdane-related diterpenoids remain largely unclear, the retention of an expanded CPS gene family throughout the Poaceae suggests persistent use of these natural products in cereal crop plants; most likely in defense, as found in both rice and maize. More immediately, the biochemical activity exhibited by the CPSs characterized here increases our understanding of the diterpenoid metabolic repertoire of wheat and provides some insight into its evolution. Specifically, all cereal crop plants seem to contain at least two CPSs associated with more specialized metabolism in addition to CPS(s) involved in gibberellin biosynthesis, and our results suggest that such retention of diversity (i.e., at least three CPSs) may be due to stereochemical variation in product outcome as well as association with primary or secondary metabolism. In particular, the two CPSs in rice and wheat that seem to be involved in more specialized metabolism (i.e., as indicated by inducible transcription of the relevant genes) produce distinct isomers of CPP (i.e., OsCPS2 and TaCPS1 produce ent-CPP, while OsCPS4 and TaCPS2 produce syn-and normal CPP, respectively). The conservation exhibited between the biochemically novel OsCPS4 and TaCPS2 suggests that such differentiation arose prior to at least the split between rice and wheat in the small grain cereal lineage. Such stereochemical variation is further reflected in the specificities of the downstream KSL, examples of which from both rice and wheat selectively react with CPP isomers other than the ent-configured form relevant to gibberellin biosynthesis. Thus, our results suggest that expanded roles for labdane-related diterpenoid natural products, beyond formation of the ancestral gibberellin phytohormones, arose early in the Poaceae, including uses for the production of stereochemically distinct isomers of the characteristic CPP intermediate.
Experimental
General
Unless otherwise noted, all chemical reagents were purchased from Fisher Scientific (Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen (Carlsbad, CA, USA). All recombinant expression was carried out with the OverExpress C41 strain of E. coli (Lucigen, Middleton, WI, USA). GC-MS analyses were performed as described in the accompanying report (Zhou et al., submitted) . Analysis of TaCPS4 and 5 mRNA levels following UV-irradiation also was carried out as described in the accompany report (Zhou et al., submitted) , albeit using the primers described in Table 1 .
Cloning
A CPS gene fragment was cloned from T. aestivum cv. Nourin-61-gou via use of previously described degenerate primers based on the 'SAYDTAW' and 'DDTAMA' amino acid sequence motifs conserved in class II diterpene cyclase . This fragment was extended via rapid amplification of cDNA ends (RACE), and designated TaCPS4.
Another CPS gene was cloned during isolation of the previously described TaCPS2 [i.e., via end-to-end RT-PCR with putatively gene specific primers (Toyomasu et al., 2009)] , and designated here TaCPS5.
Each CPS was truncated to remove the plastid targeting sequence from its N-terminus (HvCPS1 after residue 83 and TaCPS1-5 after residue 61, 59, 89, 40, and 28, respectively) and generate fully active pseudo-mature enzymes. This was accomplished during subcloning into the Gateway vector system via PCR amplification and directional topoisomerization insertion into pENTR/SD/D-TOPO, with the ensuing constructs verified by complete gene sequencing. These clones were subsequently transferred via directional recombination into the DEST cassette of a previously described pGG-DEST vector (Morrone et al., 2009 ).
Recombinant expression and stereochemical analysis
The activity of TaCPS1-5 and HvCPS1 were investigated via recombinant expression in E. coli. Initial investigations were carried out by co-expression of each CPS with a GGPP synthase. Stereochemistry of the observed CPP products was then determined by coexpression each CPS, with not only a GGPP synthase, but also a class I labdane-related diterpene synthase that only reacts with either ent-or normal CPP (i.e., AtKS or AgAS:D404A, respectively), which was accomplished using previously described pDEST14 based expression vectors (Cyr et al., 2007) . The diterpenes produced by the resulting recombinant bacteria were then identified as described in the accompanying report (Zhou et al., submitted) . Briefly, by GC-MS analysis of organic extracts from induced cultures and comparison to authentic standards (see Figures 2 and 3) .
Bioinformatic analysis
The alignment presented in Figure 4B was constructed using VectorNTI (software version 11.0). For phylogenetic analysis the CLC Sequence Viewer (Version 6.6.2) software package was used for both generation of an initial alignment, using full-length amino acid sequences, as well as for construction of the tree shown in Figure 4A , which resulted from analysis of this alignment with the nearest neighbor joining method. In addition, this alignment was used as the basis for phylogenetic analysis based on conserved blocks of sequence -i.e., using the G-Block algorithm as implemented at www.phylogeny.fr
• Biochemical characterization of copalyl diphosphate synthases from wheat and barley
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